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Introduction
The direct electron transfer from conducting materials to biomolecules, particularly proteins, has become a central issue in the development of certain biotechnological devices such as biofuel cells or chemical biosensors [1] [2] [3] . Bioelectrochemical studies on proteins have reported useful information about the structural organization of these molecules in contact with surfaces, the electron transfer characteristics to electrodes or the electron transfer processes in biological systems 2, [4] [5] [6] [7] .
Enzymes, as specific protein catalysts, have been used for the detection of a number of analytes, triggering the development of electrochemical biosensors and becoming a trending topic in electroanalysis during the last few years. Usual amperometric biosensors make use of redox mediators which are immobilized on the electrode surface. These mediators, usually ferrocene species, have the ability of carrying electrons from the enzyme molecule to the electrode [8] [9] [10] . However, current scientific attention focuses on the development of the so-called third generation of biosensors. In such devices, the direct electron transfer take place between enzyme molecules and electrode surfaces with no redox mediation [11] [12] [13] [14] .
For the development of these applications, direct electron transfer to immobilized proteins is preferable because it delivers better electrochemical responses. Accordingly, several strategies for the immobilization of enzymes have been assayed: covalent binding 15, 16 , physical adsorption [17] [18] [19] [20] [21] or encapsulation within polymeric matrices 22 .
Promising results have been obtained for enzyme encapsulation in inorganic matrices such as silica synthesized by sol-gel processes 9, [23] [24] [25] . Encapsulation within silica networks provides soft immobilization conditions that prevent denaturalization of biomolecules upon encapsulation 26, 27 . In addition, the silica structure offers protection against some bulk solution components, thus reducing the risk of denaturation because of pH or ionic strength effects 28 .
The electrostatic interactions between silica materials and encapsulated biomolecules are very relevant in the optimization of these systems for bioelectrochemical applications 29, 30 . Specifically, it is known that silica pores may be tailored to favor certain enzyme orientations which allow the substrates reaching their active sites easily.
A key aspect in pore modification is the tuning of their polarity, which can be achieved by copolymerization of suitable organosilane precursors with the usual tetralkoxide silica precursor. The resulting organic-inorganic hybrid material is known as ormosil,
i.e. an organic-modified silica. These hybrid materials show different affinity for polar structures thereby modulating the stability and functionality of the encapsulated biomolecules 24, 27 .
In the present work we have examined the viability of inducing direct electron transfer between electrode surfaces and biomolecules encapsulated in silica materials. The selected model molecule was the redox active protein cytochrome c (cyt c). Cyt c is a water soluble hemoprotein acting as electron transducer during the biological respiratory chain thanks to its capability to undergo redox transformations 31 . Several bioelectrochemical devices take advantage of this redox ability, for example cyt c has been used as electron acceptor in the cathode of glucose-oxygen biofuel cells 1, 32 . It has been also demonstrated that the electrical current in microbial fuel cells is wired to the electrode through this type of proteins, which are present in the membrane of Geobacter sulfurreducens bacteria. Walcarius et al. have shown in a recent report the physical entrapment of bacteria (Pseudomonas fluorescens) in a porous sol-gel matrix deposited as a thin layer onto an electrode along with cytochrome c 33 . The protein acts as redox mediator providing an effective way to develop an 'artificial' biofilm that mimics the charge transfer processes of natural biofilms.
Our goal is to develop a suitable method for the encapsulation of cyt c in different silica sol-gel materials (based on both inorganic and hybrid networks). A detailed electrochemical study of the electrode modified with encapsulated cyt c will be performed. Finally, the influence of the protein structural state on its electrochemical behavior and the effect of the silica matrix composition on the electrochemistry of the encapsulated biomolecule will also be investigated.
Experimental part

Reagents and equipment
Tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich, hydrochloric acid (Merck, p.a.), triethoxy(methyl)silane (MTES) Sigma-Aldrich, triethoxy(phenyl)silane PhTES Sigma-Aldrich, cytochrome c (cyt c) from horse-heart 98% Sigma-Aldrich, 
Preparation of electrodes
Two stock solutions were prepared as follows: value is in good agreement with literature data [36] [37] [38] [39] [40] . From ∆Ep we have determined the value of the standard heterogeneous rate constant for the electron transfer, kº, which amounts to 6.60×10 -4 cm s -1 . The details of the calculations are given elsewhere 41 . The obtained kº value is also consistent with bibliographic data reported for graphite and ITO electrodes 37, 39 . 2.0x10 -6 3.0x10 -6 4.0x10 -6 5.0x10 -6 6.0x10 -6 j/A.cm
Cyclic voltammograms were carried out at different scan rates and the plot of anodic peak currents vs the square root of scan rates shows a linear trend, as can be observed in When the potential is stepped to +0.2 V vs RHE the spectrum undergoes slight but significant modifications due to the reduction of cyt c. The Soret band shifts 3 nm to red and its intensity increases upon electrochemical reduction. More important changes are observed for α and β bands. The intensity of both features increases progressively during the reduction treatment and, simultaneously, they become resolved after 1800 s.
The α-band peaks at 549 nm and the β-band at 520 nm at the end of the experiment. The lack of charge transfer may be ascribed to the electrostatic interactions appearing between cyt c and the surface of the silica pores. It is known that the isoelectric point of cyt c is around 10, so this molecule is positively charged at the neutral pH of the experiments 48 . On the contrary, silica presents an isoelectric point in the range of 1.7-3.5 and, therefore, it is negatively charged in the PBS electrolyte used here 49, 50 . The opposite charges cause an electrostatic interaction of cyt c and silica walls which probably prevents the protein to reach more favorable orientation for the electron transfer, as suggested by Keeling-Tucker et al. 29, 51 .
It is known that ormosils can provide silica structures with different degrees of hydrophobicity and the associated change in the pore polarity may favor the electron transfer with the electrode [52] [53] [54] . So, at this point, the chemical modification of the silica is studied in order to obtain structures able to modulate the electrostatic interactions between the silica walls and cyt c. was assessed by contact angle measurement (see Table S1 in Supporting Information).
Although phenyl-modified silica is more hydrophobic than pure SiO2, no because the mechanical stability of the silica film is poor beyond that value. This effect is probably due to the lower cross-linking induced by the excess of methyl groups in the final material 29 .
These voltammetric curves show that the cytochrome redox process is barely detected for methyl-modified electrodes with x lower than 0.2, but well-defined features can be observed for higher methyl amounts. Since the encapsulated cyt c formal potential derived from these curves keeps constant at 0.66 V, it can be assumed that the inclusion of methyl groups inside the silica network does not induce conformational changes in the cytochrome structure. This assumption will be confirmed later by UV-vis spectroscopy.
From the CVs in Fig. 6a it is possible to follow the evolution of the peak separation for the iron redox process, Ep, with the mole fraction of methyl groups present in the silica gel. The results obtained are shown in Fig. 6b , where it is observed that mole fractions below 0.28 lead to low peak separations of about 40-60 mV. Such figures strongly suggest that the redox process is electrochemically reversible at moderate methyl substitution. However, a sudden increase of the peak separation is observed for mole fractions above 0.28. Indeed, cytochrome immobilized in highly methylated silica materials shows Ep around 100 mV, a value which is characteristic of quasi-reversible electrochemical processes.
In order to gain more insight into the nature of the electron transfer process, cyclic voltammetry experiments for cyt c encapsulated in a set of methyl-modified silica were performed at different scan rates (see Fig. 7a ). 2.0x10 -6 3.0x10 -6 j/A.cm In any case, linear dependences of the peak current on the square root of the scan rate are found. Since this behavior implies a diffusion-controlled electrode process, it should be assumed that the electron transfer takes place from the electrode surface to cyt c molecules which retain part of their bulk free movement although they are encapsulated.
Indeed, the silica hydrogel is often considered as a two-phase system consisting in a porous solid and a trapped aqueous phase 54 . We have found that the results obtained This behavior may be related with the structural characteristics of ormosils. It is thought that low levels of organosilanes in the precursor solution facilitate their homogeneous dispersion within the pores of the final material. This is because the triethoxymethylsilane precursor is preferentially located at the pore interface, as the methyl group prevents the polymer chain growth at its position. This leads to a regular change in the polarity of the material as the amount of organosilane is increased.
However, high triethoxymethylsilane levels may lead to phase segregation owing to the existence of a critical point for the self-association of the organic components. This yields an open porous structure showing little interactions with cyt c 29 .
It has been observed that the amount of methyl groups has an effect on both the electrochemical reversibility of the redox process (Fig. 6 ) and the cyt c apparent concentration inside the silica material (Fig. 7) . In other words, it appears a correlation between reversibility and concentration which has already been reported by other authors 37, 55, 57 . According to the literature, this behavior can be due to the affinity shown by cyt c to the surface of metal oxide electrodes 58 . At low apparent concentrations, the electrochemical behavior of cyt c corresponds to an ideal reversible system, whose peak separation approaches 59 mV, revealing fast electron transfer to the bare ITO surface.
However, higher cyt c concentrations may favor the adsorption of a protein layer on the ITO surface which hinders the electron transfer process and, obviously, disturbs the reversibility of the electrochemical reaction. 
Conclusions
Cytochrome c encapsulated in different silica matrices was deposited on ITO electrodes. Cyt c@SiO2 was synthesized via a two-step encapsulation method, mixing a in this paper it is expected that the electrochemical response of encapsulated proteins could be influenced by the terminal groups of the silica pores. These groups induce changes in both the polarity and the hydrophobicity of the micro-environment that surround the biomolecule.
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